Abstract:
We studied the buffer mechanism of human whole blood by means of a titration experiment under the open condition in which blood is exposed to carbon dioxide gas. Van Slyke proposed the theory of a blood buffer mechanism in 1922 (J Biol Chem 52: 525-570). However, his theory is not applicable to our experiments because it did not take into consideration the effects of changes in volume and the concentration of bicarbonate ion in the buffer as a result of titration. We studied the blood buffer mechanism theoretically by using graphical representation and developed a theory, which we then applied to our experiments. Buffer value, as defined by Van Slyke, is the quantity of the base ␦n OH /V in the sample without volume change (in gram equivalent per liter) required to change one unit in pH. Based on our blood buffer theory, we obtain the experimental buffer value ␤Ј, which is the reciprocal slope of the dpH-bdV/V (␦n OH in the sample with volume change) relation during a titration experiment at a constant carbon dioxide pressure (pCO 2 ] is the concentration of bicarbonate ion in blood that can be calculated by using the Henderson-Hasselbalch equation. We determined the agreement of our experimental results with the theoretical results and estimated the quantity m A of the buffer component, except for the bicarbonate buffer, and the dissociation constant K A of the buffer reaction in a neutral pH range. The true buffer value of whole blood can be estimated by using our theory and the results of precise experiments.
[Japanese Journal of Physiology, 51, [671] [672] [673] [674] [675] [676] [677] 2001] gram equivalent per liter) required to cause a unit change in pH [1] . Although the unit of buffer value is eq l Ϫ1 pH
Ϫ1
, we use the unit of slyke (meq l Ϫ1 pH Ϫ1 ). The following equation for determining the experimental buffer value ␤Ј was derived from our theory.
Here, dV is the volume change, bϭ0.15 M and is the concentration of isotonic NaOH during titration, and bdVϭ␦n OH with volume change. [HCO 3 Ϫ ] is the concentration of bicarbonate ion in blood that can be calculated by using the Henderson-Hasselbalch equation, and ␤Ј is the reciprocal slope of the dpH-bdV/V relation during titration under the conditions of volume change dV and a constant pressure of carbon dioxide (pCO 2 ). We applied our theoretical equation to our experimental results, and estimated the quantity m A of the buffer component in the blood, except for the bicarbonate buffer, and the dissociation constant K A of the buffer reaction in a neutral pH range.
EXPERIMENTAL STUDY OF BLOOD TITRATION UNDER A CONSTANT pCO 2
When carbon dioxide gas enters the blood flow from living tissues, the blood immediately reaches an equilibrium state because the diffusion distance between them is very small and carbonic anhydrase exists in blood. These conditions need to be simulated in a blood titration experiment. Since carbonic anhydrase is present in blood (red blood cells), sufficient time is required for the dissolution of carbon dioxide gas across the interface between liquid and gas. If carbon dioxide gas can come into contact with test samples for more than 15 min, the same conditions as those of the living body can be simulated.
Methods
The titration experiments were performed by using human whole blood under both conditions of a constant pCO 2 of 40 and 0.3 mmHg. The automatic titration apparatus (Radiometer Co., Lyon, France; Device TTT85 titrator, ABU80 autoburette) equipped with a compound-type pH electrode (G2040C) was used for the titration experiments. A solution of 0.15 N NaOH or 0.15 N HCl was used as a titration agent. Fresh human whole blood was collected from healthy adult volunteers and mixed immediately with an equal amount of an anticoagulating agent (Alsever solution, Nippon Bio-Test Laboratories, Kokubunji, Tokyo) for use in the experiments. The alkaline anticoagulant A (Alsever solution A) was composed of 40.06 mM sodium citrate, 114 mM sodium chloride, and 71.8 mM glucose. The acidic anticoagulant B (the Alsever solution B) consisted of 2.86 mM citrate, 37.2 mM sodium citrate, 114 mM sodium chloride, and 71.8 mM glucose. Although the Alsever solution has a high concentration of glucose, we assume that glucose has no effect on buffer action. Carbon dioxide gas was supplied at a constant pressure by using a gas generator, GMA2 precision gas supply (Radiometer Co.). This apparatus mixed carbon dioxide gas with air to a desired concentration.
In the case of pCO 2 of 40 mmHg, the gas mixture was supplied for a long time throughout the surface of the blood sample. When atmospheric air was supplied over the surface of the blood sample, the pressure of carbon dioxide was considered to be 0.3 mmHg. To prevent gas dispersion from the sample, the supplied gas was saturated with water vapor. The sample was placed in a circulating unit water bath at 37°C.
For the blood sample to reach an equilibrium with respect to the carbon dioxide concentration, a total of 5 h was needed to complete the titration of a 3 ml sample using 1.5 ml of a titration agent. The amount of the agent (NaOH or HCl) used and the pH value at each step were fed into a computer and the titration curves were fitted.
Buffer value is defined as the input quantity of the base (␦n/V in eq l Ϫ1 ) needed for a unit change in pH of the test solution. These experimental values are defined as reciprocals of the titration curves of the experimental data.
Experimental results
Preliminary experiment. At a constant atmospheric pCO 2 of 0.3 mmHg and a constant temperature of 37°C, 3 ml each of the samples containing 1.5 ml of anticoagulant A and 1.5 ml of isotonic saline was titrated with 0.15 N HCl. The initial pH was about 7.7. The pH decreased to 3.2 following an addition of 0.4 ml of 0.15 N HCl. The experimental buffer values could also be estimated by using reciprocals of the slope of the titration curve. The experimental buffer value curves at a pCO 2 of 0.3 mmHg have two peaks. Their buffer values were 23 slyke at pH 4.6 and 21 slyke at pH 5.8. That is, their pK values were determined to be 4.6 and 5.8 from these maximal peak points. The buffer value at pH 7 was 5 slyke; in the pH range from 7.4 to 7.6 it was less than 2 slyke.
The experimental buffer values corresponded to the curve obtained by using Eq. 12 described below with pK values of 3.0, 4.6, and 5.8 for sodium citrate (data are not shown).
Experimental blood titration curve at low pCO 2 (pCO 2 of 0.3 mmHg). At a constant atmospheric pCO 2 of 0.3 mmHg and a constant temperature of 37°C, the pH of the samples consisting of 1.5 ml of fresh blood and 1.5 ml of anticoagulant A (total volume, 3 ml) was adjusted to about 8.0. Six samples, each consisting of 1.5 ml of blood and 1.5 ml of anticoagulant A, were titrated with 0.15 N HCl.
The initial pH of the six samples pretreated with anticoagulant A was 8.05Ϯ0.03 (meanϮSD, nϭ6) because anticoagulant A contained only sodium citrate. The pH decreased to 6.6-6.8 following titration with 0.36-0.39 ml of 0.15 N HCl (Fig. 1) . The experimental buffer value at each pH was also calculated from reciprocals of the slope of the titration curve. The curve of the buffer values indicated by the solid line in Fig.  2 was fitted by using the theoretical Eq. 12. To obtain good agreement between the theoretical and the experimental results, a single buffer component of 70 mM in the blood with a pK value of 6.8 was assumed. These values are almost the same as those of dog whole blood [3] .
The experimental buffer values were 33 slyke at pH 7.0, 30 slyke at pH 7.2, 28 slyke at pH 7.4, 25 slyke at pH 7.6, 23 slyke at pH 7.8 , and 18 slyke at pH 8. The buffer values tended to decrease gradually with increasing pH values (Fig. 2) .
Experimental blood titration curve at a high pCO 2 of 40 mmHg. At a constant pCO 2 of 40 mmHg and a constant temperature of 37°C similar to the in vivo conditions, samples consisting of 1.5 ml of fresh blood and 1.5 ml of an acidic anticoagulant B were titrated with 0.15 N NaOH.
Seven samples were used for the titration experiments. The initial pH was 7.09Ϯ0.04 (meanϮSD, nϭ7) and adjusted to 7.85-7.95 by titration with about 1.4 ml of 0.15 N NaOH (Fig. 3) . The experimental buffer values for each pH at a pCO 2 of 40 mmHg were calculated from the slope of each of the reciprocals of titration curves, which have some dispersion in the high-pH range (Fig. 4) . The slope of the curve of the experimental buffer values indicated by a solid line in the figure was fitted by using the theoretical Eq. 12. The sample for the simulation was assumed to contain the same single buffer component of 70 mM in the blood with a pK value of 6.8 to obtain a good correspondence between the simulation results and the experimental results [3] .
The experimental buffer values were 46 slyke at pH 7.0, 60 slyke at pH 7.2, 90 slyke at pH 7.4, 140 slyke at pH 7.6, and 250 slyke at pH 7.8 (Fig. 4) . The curve of the experimental buffer values tended to ascend steeply with increasing pH values.
THEORETICAL APPROACH AND DISCUSSION
Blood pH is changed by adding acid, base, or carbon dioxide, which are produced or consumed in tissues.
Our titration experiments showed that carbon dioxide plays an important role in buffer mechanisms not only as an acid source, but also as a powerful alkaline buffer component. We previously reported that the graphical representation is very useful in demonstrating the changes of components during chemical reactions [2, 6] . Figure 5 shows the graphical representation of the buffer reaction because of an influx of acid or base into the blood flow at a constant carbon dioxide gas pressure. Here we introduced the reaction module represented by a rounded square that expressed the reaction of dissociation, in which the dissociation response proceeds in accordance with the equilibrium reaction and four kinds of reactions are represented by four reaction modules. The reaction module also determines the concentration change of each component in the equilibrium state as a result of the extent of chemical reaction d. The reaction direction is indicated by an arrow, and the extent of the chemical reaction in the solution is also represented by a generalized capacitor C that expresses the concentration change of each component (dcϭdn/V). Each change in the quantity of each component is shown in each component capacitor C i . The small circle is the node of the parallel connection that separates the flows of the conservative component.
A change caused by the inflow or outflow of acid or base from the outside or titration is represented by "␦" when titration is considered as an example. A change inside the system is represented by "d." Adding a small quantity of acid ␦n H or base ␦n OH and carbon dioxide gas ␦n CO 2 to the solution results in multiple reactions in the solution, which reaches an equilibrium concentration depending on each equilibrium reaction. It also causes internal changes in dn i c in the generalized capacitor C i .
Minute quantities of titration agents are represented by ␦n H ϭadV (for acid) and ␦n OH ϭbdV (for base) in titration. Here, dV is a minute volume of titration agent and "b" is the base concentration ("a" is the acid concentration). As indicated by arrows in Fig. 5 
When there are many kinds of weak acids in a buffer substance, the same number of reaction modules must be prepared. However, when the pH change is examined in a narrow pH range, the buffer actions of a single buffer substance can be assumed [3] .
We ignore the following factors in our experiment: the reaction between Ca ; the ionic strength and equilibrium constant; the Haldane effect of red blood cells [7] and pH; and pH of an erythrocyte and extracellular fluid.
When the solution containing carbonic anhydrase is exposed to carbon dioxide gas at a constant pressure, the dissociation of carbonic acid reaches an equilibrium for the hydrogen and bicarbonate ions.
Therefore the above relation can be rewritten by the following equilibrium equation that involves a constant CO 2 pressure and an equilibrium constant K c .
[
Here the dissociation constant is defined as K c is 10
. The solubility constant ␣ has been reported to be 0.03 for serum and 0.0254 for blood cells at 37°C [8] . Therefore ␣ϭ0.028 was used as the solubility constant of whole blood in this study.
When Eq. 4 is differentiated at a constant CO 2 pressure, the change in bicarbonate ion concentration is expressed by Eq. 5.
The reaction d HCO 3 from carbon dioxide gas to hydrogen ion H ϩ is expressed by the decrease in V[HCO 3 Ϫ ], as shown in Fig. 5 .
We calculate the balance of OH Ϫ by using the rela-
] for the hydrolysis of water. Then d w can be expressed by the sum of both the influx of base (␦n OH ϭbdV) and the decrease in
Here,
When Eqs. 2, 6, and 7 are substituted to Eq. 1, we can obtain the following equation. 
The next function in terms of the hydrogen ion concentration change rate
pH is defined as pHϭϪlog 10 
Equation 11 shows the relation between the titration amount ␦n OH ϭbdV or ␦n H ϭadV and the pH change at a constant pCO 2 . The simulation of a titration experiment is possible by the use of this equation.
If we know the concentration of the titration agent, the pressure of CO 2 , the volume V of the test solution at the every moment, the concentration of each component, and the dissociation constant of the buffer components, we can obtain the titration curve with Eq. 11 by the numerical integration method (RungeKutta method). When the experimental result is in good agreement with the value obtained by theoretical simulation, we can estimate both the amount of weak acid m A in the test solution and the dissociation constant K A .
Our experimental buffer value, which is the reciprocal slope of the dpH-bdV/V relation in the base titration, can also be obtained using Eq. 11 and can be used under conditions that allow a volume change and the presence of carbon dioxide. The concentrations of H ϩ and OH Ϫ are so low in a neutral pH range that they are negligible in comparison with the concentration of HCO 3
Therefore we obtain the following equation.
Equation 12 shows that the experimental buffer value can be determined by using the bicarbonate ion concentration [HCO 3 Ϫ ], the quantity m A of the nonvolatile buffer component of the solution, and the dissociation constant K A .
The high buffer value was due to the presence of carbon dioxide gas particularly in the high pH range, as revealed by the theoretical and experimental results. The simulations can be carried out to attain reproducibility in the experimental results in many trials. Parameters such as the amount of weak acid and the dissociation constant were estimated by using this curve-fitting method. In a neutral pH range (pH 7.0-8.0), the theoretical buffer values of the single nonvolatile buffer component of 70 mM with a pK value of 6.8 are in good agreement with the experimental values.
We can estimate the true buffer value of whole blood under physiological conditions without volume change by using the following equation. Here, 0.15 mM is the concentration of the base in an isotonic titration agent.
The true buffer value ␤ is also defined by using the Eq. 11 when dVϭ0 and concentrations of H ϩ and OH Ϫ are ignored in the neutral pH range as
Therefore we estimate the true buffer value of whole blood from our experimental results at a constant pCO 2 of 40 mmHg and a constant temperature of 37°C. That is, the true buffer values of 43 slyke at pH 7.0, 54 slyke at pH 7.2, 76 slyke at pH 7.4, 107 slyke at pH 7.6, and 156 slyke at pH 7.8 are obtained from the experimental buffer values of 46 slyke at pH 7.0, 60 slyke at pH 7.2, 90 slyke at pH 7.4, 140 slyke at pH 7.6, and 250 slyke at pH 7.8, as shown in Fig. 4 .
It has been reported that the buffer action of blood is very sensitive to the hydration of carbon dioxide [9] . Titration experiments using human whole blood at a constant pCO 2 were carried out, and the experimental buffer values were measured. On the other hand, the theoretical buffer mechanism in the titration was studied by graphical representation. A theoretical simulation was performed to determine appropriate parameters for the buffer substances. The effects of carbon dioxide gas pressure on theoretical and experimental buffer values of blood were compared under physiological conditions. The buffer values of whole blood at a constant pCO 2 of 40 mmHg under in vivo conditions were compared with those at a constant pCO 2 of 0.3 mmHg under atmospheric conditions. Titration experiments are always accompanied with volume change. The titration curve was simulated by using Eq. 11, and the experimental buffer value was estimated by using Eq. 12. We then estimated parameters for the buffer substances.
On the other hand, the change in pH of blood in living tissues was not accompanied by any volume change (dV). Therefore the true buffer value must be estimated by Eq. 13, using experimental results. In our experimental and theoretical studies, we found that the buffer values of blood at pCO 2 of 40 mmHg are high in the alkaline range because carbon dioxide gas as a volatile buffer component reacts with water and increases [HCO 3 Ϫ ] present in carbonic anhydrase. We observed that the buffer values increased rapidly in the pH range beyond 7.4 at pCO 2 of 40 mmHg compared with those at pCO 2 of 0.3 mmHg.
In this study our theory was proved experimentally, and it confirmed that the practical in vivo analysis of pH change is possible. Our study also confirmed that pH changes on the alkaline side. That is, pH does not exceed the upper limit, for example, pH 7.8 at a CO 2 pressure of 40 mmHg, because the bicarbonate concentration cannot exceed a certain value based on the principle of ion neutrality, the limitation of the osmotic pressure, and total ion strength. In this physiological pH range, however, most of the buffer value is assumed to be achieved by using the bicarbonate reaction that can be expressed as 2.3 [HCO 3 Ϫ ] slyke from the Eq. 13.
